We have developed a magnetic resonance imaging (MRI) technique for imaging Feridex (superparamagnetic iron oxide [SPIO])-labeled islets of Langerhans using a standard clinical 1.5-Tesla (T) scanner and employing steadystate acquisition imaging sequence (3DFIESTA). Both porcine and rat islets were labeled with SPIO by a transfection technique using a combination of poly-L-lysine and electroporation. Electron microscopy demonstrated presence of SPIO particles within the individual islet cells, including ␤-cells and particles trapped between cell membranes. Our labeling method produced a transfection rate of 860 pg to 3.4 ng iron per islet, dependent on the size of the islet. The labeling procedure did not disrupt either the function or viability of the islets. In vitro 3DFIESTA magnetic resonance images of single-labeled islets corresponded with their optical images. In vivo T2*-weighted scan using 1.5 T detected as few as 200 SPIO-labeled islets transplanted under rat kidney capsule, which correlated with immunohistochemistry of the transplant for insulin and iron. Ex vivo 3DFIESTA images of kidneys containing 200, 800 or 2,000 SPIO-labeled islet isografts showed good correlation between signal loss and increasing numbers of islets. These data provide evidence that islets can be labeled with SPIO and imaged using clinically available 1.5-T MRI. Diabetes
S
uccessful ␤-cell replacement therapy, by pancreas or islet transplantation, is currently the only treatment that reestablishes endogenous insulin secretion responsive to normal feedback regulation, resulting in long-term normoglycemia (1, 2) . Pancreas transplantation alone for diabetes remains controversial due to the morbidity associated with the transplant (3). Significant progress has been made in human islet transplantation by the Edmonton group (4). However, many hurdles still remain that delay its widespread clinical use.
Potential causes of failure of islet transplants include failure of initial engraftment, inflammatory response at the transplant site, allo-or autoimmune response, and immunosuppressive drug-induced ␤-cell toxicity (1) . In current clinical practice, isolated human islets from cadaveric donors are infused into the portal vein, which directly exposes them to the host bloodstream. This initiates an inflammatory reaction that activates both the complement and coagulation cascades causing islet damage and death (5, 6) . This may in part be due to the fact that isolated human islets do not express the complement regulatory protein, decay-accelerating factor (7) . A number of alternate sites have been proposed as more suitable locations for islet transplantation. These include the spleen (8, 9) , the kidney capsule (9, 10) , the omental pouch (11) , the gall bladder (12) , intracerebrally (13) , the rectum (14) , mammary fat pads (15) , and the testis (16) . Locating the islets subcutaneously has also been advocated (17, 18) . Measures of success of the transplant other than the absolute measure of insulin independence would be helpful to assess function and outcomes (19) . At present, assessment of graft function is dependent on clinical biochemistry, including measurement of C-peptide and glucose levels, intravenous glucose tolerance tests, intravenous arginine stimulation tests, and oral glucose tolerance tests (6) . There is clearly a need for a noninvasive technique for quantifying islet graft survival in whatever location they may be transplanted in an accurate and reproducible manner.
High-resolution magnetic resonance imaging (MRI) can provide detailed anatomic information in a noninvasive way and is currently being used to characterize histopathology and morphologic phenotypes (20 -23) . MRI of superparamagnetic iron oxide (SPIO)-tagged cells has become a useful tool for studying cell trafficking in vivo (24 -31) . Areas containing SPIO-labeled cells appear as regions of low signal intensity on MRI images, creating negative contrast. Heyn et al. (32, 33) have recently shown that single SPIO-labeled cells can be detected in vivo. At present, there are few published reports of the use of MRI to image SPIO-labeled islets. Here, we describe a novel technique for SPIO labeling of islets and a unique system for cellular MRI at 1.5 Tesla (T), which utilizes a custombuilt high-performance gradient coil insert and a 3D steady-state free precession imaging sequence. We demonstrate that individual SPIO-labeled islets can be easily visualized in vitro, and as few as 200 SPIO-labeled islets can be visualized after transplantation under the kidney capsule using a standard 1.5-T clinical MRI scanner.
RESEARCH DESIGN AND METHODS
Male Lewis rats were used as islet donors and recipients. Normal neonatal piglets were obtained from a farm in London, Ontario, Canada. All animals were housed in the University of Western Ontario animal facility in accordance with the guidelines established by the Canadian Council on Animal Care (34) . Isolation of islets. Rat islets were obtained from 6-to 8-week-old Lewis rats; porcine islets were isolated from 14-to 21-day-old piglets. The pancreas was removed by standard aseptic surgical techniques and chopped into 1-to 2-mm pieces (35) (36) (37) . Tissue fragments were washed three times with Hanks' balanced salt solution (HBSS)/BSA and incubated for 10 min at 37°C with 1.0 mg/ml collagenase in HBSS/BSA. Tissue fragments were then washed twice in 30 ml HBSS/BSA at 4°C to remove collagenase and leaked exocrine-derived proteases. The tissue fragments were then incubated for 8 min at 37°C with 0.7 mg/ml collagenase in HBSS/BSA. The tissue fragments were then resuspended in 30 ml HBSS/BSA. Islets were separated from exocrine tissue by handpicking (35) . Purity of the islet preparation is confirmed by dithizone staining of four random samples. Islet labeling. Both rat and neonatal pig islets were labeled with the commercially available SPIO, Feridex (Berlex Laboratories). Feridex was complexed with poly-L-lysine (PLL; Sigma) to facilitate labeling (36) . In addition, electroporation was tested as a method to enhance labeling efficiency. Briefly, Feridex (25 g/ml) and PLL (1.5 g/ml) were mixed with 1 ml culture medium using a rotator at 30 rpm for 1 h at room temperature. Neonatal porcine islets were gently mixed with labeling medium, transferred into a 0.4-cm Gene Pulser Cuvette (Bio-Rad Laboratories), and then electroporated at 100, 250, or 500 V with capacitance of 25 F and infinite resistance (Gene Pulser Xcell; Bio-Rad). Electroporated samples were mixed with 5 ml complete culture medium in a 35 ϫ 10-mm petri dish and incubated overnight at 37°C. For assessment of labeling efficiency, nine groups were compared: unlabeled islets; Feridex alone; Feridex plus PLL; Feridex plus electroporation with 100, 250, or 500 V; and Feridex plus PLL plus electroporation with 100, 250, or 500 V. Cell viability was measured in single-cell suspensions by trypan blue exclusion. All samples were counted in triplicate. Quantification of cellular iron content by inductively coupled plasma mass spectrometry. Neonatal pig islets were dispersed into a single-cell suspension by trypsin and DNase I digestion. In eppendorf tubes, 5 ϫ 10 5 single islet cells were resuspended in 2% gelatin. Iron content in single islet cells was determined using a Finnigan MAT Element High-Resolution inductively coupled plasma mass spectrometry (ICP-MS) system (Thermo Electron). Because of the large number of islets required (ϳ18,000), these measurements could only be performed with pig islets since a neonatal pig pancreas will yield Ͼ30,000 islets. A typical rat pancreas yields ϳ400 islets (37) . Quantification of cellular iron content by fluorescence quenching. A novel flow cytometric quenching analysis was designed to measure intracellular iron content quickly and easily using the cell-permeant fluorescent indicator Phen Green FL (PGFL) (Invitrogen Molecular Probes). The intracellular fluorescence in cells labeled with PGFL is quenched by heavy metal ions in a concentration-dependent manner. Therefore, the presence of SPIOs results in the quenching of PGFL fluorescence. Briefly, 2 ϫ 10 5 single SPIO-labeled islet cells were incubated with 1 l PGFL for 20 -30 min at 37°C and washed twice with PBS. After incubation, flow cytometry was performed to measure X-mean shift. This value was converted to relative percent of X-mean compared with control X-mean, then further calculated to the relative reduction (quenching) of fluorescence of PGFL as follows: relative quenching (%) ϭ 100 Ϫ (flow cytometric X-mean of transfected islets/flow cytometric X-mean of control islets) ϫ 100. Histological and immunohistochemical staining and Prussian blue staining. Pancreas and kidneys were fixed in 10% formalin, embedded in paraffin, and 5-m sections were prepared for histology. High-pressure heating with EDTA solution, pH 8.0, was used for antigen retrieval. Insulin was detected using a mouse anti-human antibody (NCL-Insulin; Novocastra Laboratories) at 1:50. Sections were incubated with the primary antibodies for 60 min at room temperature. After washing in PBS three times, the sections were incubated with mouse EnVision ϩ polymer (DakoCytomation) for 30 min at room temperature. The sections were rinsed three times in PBS and were stained in diaminobenzidine solution (DakoCytomation) for 2-5 min at room temperature and counterstained with Mayer's hematoxylin (DakoCytomation). For Prussian blue staining, immunohistology sections were incubated with 2% potassium ferrocyanide in 6% HCl for 45 min. Glucose stimulation index. The insulin secretory response to glucose was tested to determine the function of islets after labeling with SPIOs and electroporation. Briefly, after an overnight culture in RPMI-1640, 20 islets were handpicked. The islets were transferred into a 15-ml tube and incubated in 1.5 ml RPMI-1640 containing 2.8 mmol/l glucose for 60 min at 37°C. The samples were centrifuged for 4 min at 100 rpm and the supernatant was removed for measurement of insulin concentration by enzyme-linked immunosorbent assay (ALPCO Diagnostics). The islets were resuspended in RPMI-1640 containing 20 mmol/l glucose and the procedure repeated. The stimulation index was defined as a ratio of insulin release stimulated by 20 mmol/l glucose to 2.8 mmol/l glucose. All experiments were performed in triplicate. Electron microscopy. Labeled and unlabeled neonatal pig islets were handpicked under a stereoscope (SMZ-2B; Nikon) and fixed in 2.5% glutaraldehyde in PBS and postfixed in 1% OsO 4 . For microscopy of SPIO particles alone, a Feridex suspension was mixed in culture medium for 1 h, fixed as above, and spun down at 130,000 rpm for 1 min. Ultra-thin sections were stained with uranyl acetate and lead citrate and examined with a Philips 410 electron microscope. Samples for in vitro MRI and optical imaging. To facilitate correlative in vitro MRI and optical imaging, 1-10 SPIO-labeled neonatal porcine islets/islet clusters were handpicked and placed in a single plane sandwiched between a bottom layer of 8% (wt/wt) gelatin and a top layer of 2% gelatin in a 350-l optically transparent plastic microwell. All islet/islet clusters were again confirmed by dithizone staining after handpicking and before loading the phantoms. Optical images for each well were obtained using a stereoscope (SMZ-2B; Nikon) with low magnification. Renal subcapsular transplantation of islets in Lewis rats. Feridexlabeled islets isolated from Lewis rats were isografted beneath the renal capsule of the left kidney of recipient Lewis rats using a previously described protocol (38) . Three different numbers of labeled islets were transplanted: 200, 800, and 2,000. The right kidney was used as a control. MRI. All imaging was performed on a 1.5-T General Electric EXCITE system. Rats were anesthetized with ketamine/xylazine (0.1 ml per 100 g body wt) and positioned on a 3-in surface radiofrequency coil. Multislice 2D T2*-weighted gradient echo images were acquired with repetition time/echo time (TR/TE) ϭ 250/25 ms, 512 ϫ 256 matrix, four averages, and 0.5-mm slice thickness. Images were acquired once per week for up to 5 weeks. After the last imaging session, kidneys were removed and fixed in 10% formalin for ex vivo imaging. Imaging of gel samples and ex vivo kidney specimens was performed using a custom-built, high-performance gradient coil insert (inner diameter 12 cm, maximum gradient strength 600 mT/m, and peak slew rate 2,000 T ⅐ m Ϫ1 ⅐ s Ϫ1 ). Solenoidal radiofrequency coils were custom built to hold the well sample and the ex vivo kidney sample with dimensions just larger than the regions to be imaged. These samples were scanned with the 3DFIESTA pulse sequence with the following parameters: TR/TE ϭ 7.8/3.9 ms, flip angle 50°, 21-kHz bandwidth, 4 -24 signal averages, and spatial resolution of 100 ϫ 100 ϫ 200 m. The average contrast from regions of signal void was measured using an image analysis package (ImageJ; National Institutes of Health). Signal void contrast was expressed as the percent signal drop compared with background tissue and was calculated by taking the signal difference between background tissue and the signal void, dividing by the background signal, and multiplying this fractional signal loss by 100. Statistical analysis. Data were analyzed with an unpaired t test with Welch's correction, ANOVA, and Spearman's correlation coefficients, where appropriate.
RESULTS
Islet labeling. Table 1 shows iron concentrations in islets as determined by ICP-MS after islet labeling and cell viability after each labeling procedure. Statistical analysis of the ICP-MS iron concentration data showed that all sample groups, including the control group, were significantly different from each other (P Ͻ 0.01), except for the pair of Feridex only and Feridex plus 100 V. These data show a clear advantage for the use of PLL over electropo-ration alone. This increase in the labeling efficiency of PLL was further enhanced by electroporation at voltages of 250 or 500 V. Analysis of the viability data (Table 1) showed that electroporation at 250 and 500 V significantly decreased cell viability compared with controls. However, the addition of PLL significantly (P Ͻ 0.01) enhanced the viability of islets subjected to electroporation at 250 and 500 V. These results suggest that PLL might play a role in protecting islets from the electric shock when used with electroporation. The highest iron labeling as measured by ICP-MS was achieved in the Feridex plus PLL plus 500 V group as 1.72 pg of SPIO per single islet cell based on the total number of cells measured (5 ϫ 10 5 ) and the total amount of iron detected. On the basis that an islet can contain between 500 and 2,000 cells, our labeling technique will load a single islet with between 870 pg and 3.48 ng SPIO, which is well in excess of the amount needed for detection by MRI. We also developed a rapid and simple measurement to confirm successful intracellular islet labeling. This technique uses the quenching properties of iron on the fluorescence of PGFL. PGFL fluoresces only upon cleavage of its diacetate moieties by intracellular esterases. Therefore, PGFL fluorescence will be quenched only by iron within the cell and not particles adhering to the cell membrane. Since our studies have shown that SPIOs can adhere to the cell membrane (infra vide), this quenching methodology cannot be compared directly with the determination of iron content by ICP-MS. Surprisingly, the two methodologies show a significant correlation (Spearman's rho ϭ 0.72, P Ͻ 0.05) (Fig. 1) . Although this correlation is not strong, this technique does provide a rapid method for determining the success of a labeling procedure. Stimulation index as functional studies. Glucose-stimulated insulin release in SPIO-labeled (Feridex plus PLL plus 250 V) and nonlabeled islets are shown in Fig. 2A for rat islets and Fig. 2B for neonatal pig islets. There was no difference in stimulation indexes between the Feridexlabeled rat islet group (1.51 Ϯ 0.54) and the nonlabeled islet group (1.20 Ϯ 0.13) or between the Feridex-labeled neonatal pig islet group (2.87 Ϯ 0.06) and the nonlabeled control group (1.72 Ϯ 0.19), indicating labeling of islets with SPIOs using our combination methods does not affect glucose-stimulated insulin secretion. Electron microscopy. We examined the morphology of SPIO particles using electron microscopy (Fig. 3A) . The characteristic granular morphology of these SPIO particles was identified only in SPIO-labeled islets and never in unlabeled controls (data not shown). Figure 3 shows that the unique appearance of SPIO particles is quite distinct from the morphology of other organelles, such as the nucleus, mitochondria, lysosomes, and insulin secretory granules (ISGs). ISGs in porcine ␤-cells contain a characteristic electron-dense bar-shaped crystal (Fig. 3B) . SPIO particles were observed in the cytoplasm of ␤-cells (located in the center of the islet, Fig. 3B ), ␦-cells (Fig. 3C) , on ␣-cells (Fig. 3E) , and in nongranular cells (Fig. 3D ) that could be either chromophobic C-cells or acinar cells. The subcellular distribution of SPIO particles was mainly throughout the cytoplasm and lysosomes of islet cells. The number of SPIO-labeled cells was decreased deep within the islet cell mass. Of particular interest was the observation that SPIO particles were attached to the cell membrane or trapped between cells (Fig. 3E) . Figure 3F shows endocytosis of SPIO particles.
MRI.
Individual SPIO-labeled islets/islet clusters were easily visualized in 3DFIESTA images of gel samples (Fig.  4A-C) . A comparison of the optical images of the gel samples showed good correspondence with the magnetic resonance images (Fig. 4D-F) . The fractional signal loss measured for the islets/islet clusters labeled 1-7 are 69.7, 62.1, 55.6, 47.2, 51.5, 62.7, and 79%, respectively. In Fig. 5 , representative in vivo T2*-weighted General Electric images are shown for rats transplanted with 2,000 and 200 islets. A small focal region of signal loss is apparent at the site of the transplant of 200 islets (Fig. 5B, arrow) . The fractional signal loss measured for this region was 64.4% at week 1 and 68.8% at week 5. No qualitative changes in the appearance of this region of signal loss were apparent over the course of the 5 weeks (data not shown). The region of signal loss caused by the transplantation of 2,000 islets is much larger and much more obvious (Fig. 5A) . All of the different numbers of transplanted islets could be visualized in ex vivo 3DFIESTA images of kidneys (Fig. 6 ). As expected, the greater the number of islets in the transplant, the larger the region of signal loss appeared. The 200-islet transplant was the only case where it appeared that individual islet clusters could be detected from both the sagittal and coronal views of the kidney (Fig. 6A and  B) . In the coronal view (Fig. 6B) , a line of islets is apparent at the transplant site. The sagittal view of kidney with 800 SPIO-labeled islets transplanted (Fig. 6C) shows a large region of signal loss, completely obliterating signal from the kidney capsule. In Fig. 6D and E, the same effect is shown in the 2,000-islet transplant. Characteristic magnetic field lines resulting form the large concentration of iron are apparent. The 3DFIESTA images of fixed kidneys with 200, 800, and 2,000 transplanted islets are shown after 3D rendering (Fig. 7) . The islets are shown in red. In the image of the kidney with 200 islets, the islet cell clusters can be easily visualized and counted (Fig. 7A) . A total of 35 discrete regions were counted. The fractional signal loss was measured for each of these regions. The mean fractional signal loss was 73.8%. In 3DFIESTA images of the 800 and 2,000 islet transplants, discrete regions of signal loss were not observed because of the blooming artifact D and E: A sagittal and a coronal scan, respectively, for 2,000 SPIO-labeled islets, showing characteristic iron artifacts (E) .
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( Fig. 7B and C) . Signal intensity was therefore measured from the whole region of signal loss. The average fractional signal loss was 83.2% for the 800-islet transplant and 88% for the 2,000-islet transplant. Histology and immunohistochemistry. The location of SPIO-labeled islets in the renal subcapsular area was confirmed by immunohistochemistry for insulin and Prussian blue staining (Fig. 8) . The presence of insulin immunoreactivity in islet isografts was detected at day 36 posttransplantation (Fig. 8A) . The colocalization staining of iron detected by Prussian blue with anti-insulin antibody revealed SPIO within ␤-cells, as well as outside ␤-cells (Fig. 8B) .
DISCUSSION
In this article, we show that MRI can be used to visualize individual SPIO-labeled islets/islet clusters in vitro in gel and small numbers of SPIO-labeled islets after their transplantation under the kidney capsule. The magnetic susceptibility of SPIO particles produces magnetic field inhomogeneities that are known to affect regions in magnetic resonance images over a far greater area than the actual particle distribution. Large collections of SPIOlabeled cells can influence magnetic resonance signal intensity many pixels away and produce an effect described as blooming artifact. The size of the blooming artifact is pulse-sequence and field-strength dependent. To maximize the ability to visualize this effect, most imaging studies have used T2-or T2*-weighted spin echo and gradient echo pulse sequences and high magnetic field strengths. The region of signal void in these magnetic resonance images is consequentially larger than the actual area occupied by the iron labeled cells.
Our in vivo images of the rat kidneys were acquired with a T2*-weighted gradient echo pulse sequence. A decrease in signal intensity was observed at the site of transplantation, which was observed for at least 5 weeks following the transplantation. However, our images of the ex vivo kidneys and of isolated islets in gel were acquired with a specialized, custom-built gradient coil insert and a 3DFIESTA imaging sequence. The 3DFIESTA imaging sequence has a number of advantageous features, over other imaging sequences, for certain cellular imaging applications. What was originally considered a negative aspect of this imaging sequence, the high sensitivity to off-resonance effects, has made it very effective for cellular imaging with iron oxide nanoparticles. Recently, we demonstrated for the first time that individual SPIO-labeled cells can be detected in vivo using this specialized microimaging approach (32) . This sequence exhibits blooming artifact suppression traits intrinsic to spin echo sequences, while maintaining the sensitivity to iron oxide-labeled cells intrinsic to gradient echo sequences.
In addition, the 3DFIESTA sequence provides substantially enhanced signal-to-noise ratio, relative to spin echo and gradient echo sequences. This improvement in signalto-noise ratio allows for microimaging at lower field strengths than is typically possible and for the acquisition of images at high spatial resolution with reasonable scan times. These two factors were key to our ability to visualize small numbers of iron-labeled cells in islets in vitro and ex vivo.
Our electron microscope analysis revealed that all major types of islet cells contained Feridex particles. Since many of the organelles and granules in islet cells possess a similar electron density and appearance as iron oxide nanoparticles, we looked at the electron microscope of Feridex alone to allow accurate identification of the presence of Feridex in islet cells. We have shown localization of SPIO in the cytoplasm of islet cells, including ␤-cells under electron microscope. This finding is consistent with the reported colocalization of SPIO-associated fluorescence with endosomal markers or Cy5.5 signal from MN-NIRF (magnetic nanoparticles modified with the nearinfrared fluorescent Cy5.5 dye) probe and insulin in grafted human islets (39) . Our electron microscope study also showed that Feridex nanoparticles can be observed between islet cells and beside gap junctions. It is important to point out that the electron density and appearance of the immature ISGs in ␤-cells resembles those of Feridex. The similarity in appearance of iron-labeled islet cells and normal (immature or developing) ISGs has led to some confusion regarding subcellular location of SPIO in the cytoplasm. One study (40) claimed that SPIO particles were present in lysosomes in ␤-cells of isolated rat islets. However, this claim was subsequently retracted as it appears that their technique was limited to labeling macrophages within the islet (41) . Our electron microscope analysis has now clarified the location of SPIO within islet cells.
Our analysis of Feridex transfection efficiency using ICP-MS and PGFL quenching demonstrated that combining PLL with electroporation increased the iron load incorporated into the islet while maintaining viability. The highest labeling efficiency was found when PLL was used with electroporation at 500 V. We determined the iron content in 5 ϫ 10 5 single islet cells to be an average of 1.72 pg per cell. This average, however, disguises the fact that our electron microscope study shows some cells to be unlabeled, while others, notably those on the periphery of the islet, to be heavily labeled. However, based on this average, the total iron content for an islet that may vary in size from 500 to 2,000 cells would be between 860 pg and 3.4 ng, which is well in excess of the amount needed for in vivo imaging. Our electron microscope analysis also showed that Feridex particles were observed trapped between islet cells. These particles are likely lost during the single islet cell preparation for iron content analysis, and, as a result, the actual amount of Feridex in the labeled islets is expected to be slightly higher than that measured in the single cells by ICP-MS and could account for the modest correlation between PGFL quenching and ICP-MS measurements. PGFL quenching, however, does provide a rapid and simple check for the successful SPIO labeling of an islet population.
Jirak et al. (40) claimed that rat islets could be labeled with SPIO without transfection by incubation of 140 g/ml for 2 days. They reported a final cell labeling of 90 pg Feridex per cell. Our results are more consistent with the results of a recent study by Moore et al. (39) in which a range of 2-12 pg Feridex per cell was achieved for human islets labeled by an overnight incubation with 10 -300 g/ml of a novel SPIO agent carrying the optical dye Cy5.5. In our study, we have consistently used 25 g/ml SPIO. This has not led to any toxicity since the stimulation index for rat islets showed no difference between Feridexlabeled islets and unlabeled islets with a viability of 92%. Therefore, using 10 times less SPIO for labeling, our results are in agreement with the results by Moore et al. (39) , and our transfection method using PLL and electroporation made it possible to deliver SPIO into all islet cell cytoplasm (transfection) and labeling (attachment on the cell membrane). In addition, the histology of the islets 36 days posttransplant shows staining for insulin. We have also shown colocalization of iron staining and insulin in islets after transplantation.
Using the technique described here, it should be possible to Feridex label a small number of islets, which can then be mixed in with cells used in an islet transplant and subsequently imaged to stand as a surrogate for the overall fate of the transplant. The concept of labeling a proportion of the islets is a strategy for minimizing the blooming artifact associated with a large islet graft observed in our 3DFIESTA images.
